Glaucoma, the second leading cause of blindness worldwide, 1 is a group of eye diseases that may be characterized by progressive cupping and pallor of the optic nerve. Associated death of the retinal ganglion cell (RGC) axons passing through the optic nerve head (ONH) 2 occurs, results in irreversible vision loss. The mechanism responsible for the optic nerve damage in glaucoma remains unknown; however, substantial evidence suggests that compression and distortion of the lamina cribrosa (LC) may contribute to the initial injury of RGC axons. 3 The LC is a threedimensional (3-D) fenestrated collagenous structure consisting of a series of plates within the ONH that span across the nerve to insert into the scleral rim surrounding the nerve. The laminar tissues provide protective support and nutrients to the RGC axons. Intraocular pressure (IOP) and especially the elevated IOP in glaucoma imparts stress and strain on the LC, leading to bowing and stretching of the lamina beams within the LC 4 described as cupping of the ONH.
Two mechanisms may be involved in injury to the ONH axons. First, stretching and deformation of the lamina beams may directly restrict the nutrient transport to the axons passing through the laminar pores 5 giving rise to direct injury of the axons. 6 Second, deformation of the laminar beams and alterations in their relationship with the vessels crossing the scleral rim may cause a reduction of the LC capillary blood flow resulting in a reduction or loss of the normal blood supply to the ONH axons.
Clinical studies suggest altered perfusion may be a factor in the glaucoma process. [7] [8] [9] An understanding of these delicate processes requires an improved ability to assess/visualize 3-D microstructure and microcirculation within the ONH in humans in vivo. However, we currently lack crucial information about the microvascular beds in which perfusion is important in glaucoma as well as the appropriate methods to evaluate their blood flow. 10 Recently, several technologies have been reported to be capable of providing high-resolution structural images of the LC in vivo; for example, adaptive optics scanning laser ophthalmoscopy (AO-SLO) 11, 12 and adaptive optics optical coherence tomography (AO-OCT). 13 Although the results from these state-of-the-art imaging techniques are exciting and somewhat promising, none of them is capable of providing information about microcirculation (capillary level resolution) within the LC.
Optical microangiography (OMAG) 14, 15 is a functional extension of Fourier domain optical coherence tomography (FDOCT), capable of noninvasively imaging 3-D microstructures and blood flow within microcirculatory tissue beds in vivo. Since its first report, 14 OMAG has been further developed to provide ultrahigh sensitivity to image capillary blood flow within tissue beds. 16 The OMAG application has been demonstrated in a number of organs in vivo, including both human; e.g., retina 17, 18 and skin
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; rodent models, e.g., brain, 20 cochlea, 21 and lymph nodes. 22 In this paper, we demonstrate for the first time the ability of OMAG to simultaneously image 3-D microstructures and microcirculations within the ONH in humans.
The schematic of the OMAG system setup used in this study is shown in Fig. 1(a) and is similar to that described in a prior report. 17 Briefly, the system utilized a superluminescent diode (SLD) as the illuminating light source. The SLD had a spectral bandwidth of 45 nm centered at 842 nm, providing an axial resolution of ∼7 μm in air. The light source was coupled to a fiber-based Mach-Zehnder interferometer via a 20∕80 fiber coupler. With two optical circulators, 20% of the light was routed to the sample arm and 80% to the reference arm. In the sample arm, the light was delivered into the human eye via a scanning optics setup with a measured light power of ∼0.8 mW at the cornea, the power of which is within the safe ocular exposure limits recommended by the American National Standards Institute (ANSI). 23 The scanning optics consisted of a collimator, an X-Y galvo-scanner, and an ocular objective lens, which provided a raster-scanning of the probebeam spot at the retina. The light backscattered from the eye and reflected from the reference mirror was collected and delivered to two laboratory-built high-speed spectrometers via a 50∕50 fiber coupler. The two spectrometers were designed to have almost identical performances in terms of OCT imaging. For each camera, 800 out of 4096 pixels were selected for sensing the spectral interferogram, resulting in a 250 kHz A-scan (depth-scan) rate. By sequentially controlling the two cameras, 17 the whole system provided a 500 kHz A-scan rate for the OCT/OMAG imaging. The system used to scan the ONH in this study had a measured sensitivity of ∼90 dB and was capable of an imaging rate of 700 frames per second (with 500 A-scans per image frame). Five healthy subjects with no history of ocular diseases were included for this study. Ethical approval was obtained from the Institutional Review Board at the University of Washington and informed consent was obtained from the subjects before participation. The OCT/OMAG images obtained from all five subjects were demonstrated to have similar quality. Below, we report the results from one subject to demonstrate the potential utility of the OMAG in imaging the ONH.
We first captured a volumetric FDOCT image, covering an area of 3 × 3 mm 2 centered on the ONH by the use of a low lateral resolution imaging probe. The probe had an incident beam diameter of ∼1.0 mm, giving a theoretical lateralresolution of ∼16 μm at the retina. The OCT image consisted of 500ðA-scansÞ × 500ðB-scansÞ and required ∼0.7 s for the system to acquire. After the collection of this 3-D scan, the OCT A-scans were then integrated along the z-axis direction in the ONH to produce an ONH OCT fundus image [ Fig. 1(b) ]. 24 In the figure, some important physiological features of the ONH can be clearly identified. Features include the optic disc (seen as a dark disk around a central image, sketched as a dashed-circle), and the scleral rim (seen as a brighter rim around the optic disk, as also identified by the arrows). The distinctive appearance of the ONH blood vessels is also identifiable. However, the image fails to reveal the detailed microstructural and microvascular morphology of the ONH.
For better evaluation of the ONH, a high resolution optical imaging probe, with a probe beam diameter at the cornea of approximately 4 mm, was installed in the sample arm to deliver a theoretical lateral resolution of ∼6.0 μm at the ONH. To realize OMAG imaging of the ONH microcirculation, 500 pixels were captured along the fast-scan (X-scan) direction and 1500 B-frames along the slow-scan (Y-scan) direction. The scanned image covered an area of ∼1.2 × 1.2 mm 2 at the temporal region of the ONH [square-marked in Fig. 1 Fig. 2(a) ; the corresponding blood flow image is given in Fig. 2(d) . One advantage of the OMAG imaging is that it is capable of providing the depthresolved tissue-structural image and the co-registered blood flow image in parallel. The structural image is identical to that of the conventional SD-OCT, demarcating the important physiological landmarks of the ONH [ Fig. 2 (a) and 2(c)]. Landmarks include the retinal artery (RA), superficial optic nerve fiber layer (NFL), prelaminar area (PL) and LC. The neuroretinal (NR) rim is seen as a weaker optical reflectance represented by the region marked by the enclosed dashed-line in Fig. 2(a) . The scleral rim is seen as a stronger optical reflectance to the right of the marked dash-line region in Fig. 2(a) .
More importantly, the in vivo OMAG blood flow image demonstrates that the ONH is highly vascularized [ Fig. 2(b) ], consistent with evidence from numerous prior studies of the 3-D ONH vasculature, the evidence until now only obtainable through in vitro corrosion casting techniques 25, 26 or histologic study. 4 In this study where we used a system operating in the 850 nm wavelength region, the blood flow in the patent vessels within the ONH can be localized to an ONH depth of ∼0.8 mm [ Fig. 2(d) ]. Figure 3 shows the volumetric rendering of the 3-D structural dataset, which may be utilized to indicate the locations of some key features of the ONH, such as the LC and cupped region of the optic nerve. The 3-D dataset containing both the organizational and vascular information can be manipulated to display en-face tissue slices at particular depths. One such example is illustrated in Fig. 4 , showing the detailed spatial relationship between vascular and tissue microstructure at locations representing various depths within the ONH. Displayed in Fig. 4 are the enface tissue slices of the microstructural images (left column), the corresponding vascular images (middle column), and the merged structure and blood flow images (right column), which permit better appreciation of corresponding structural and vascular spatial relationships.
These images were extracted at four depth locations: approximately 80, 180, 400, and 600 μm, below the superficial surface of the ONH, which are located approximately within the four identified layers to correspond with the superficial NFL [ Fig. 4(a) ], the prelaminar region [ Fig. 4(d OMAG is able to identify a number of capillaries (arrows) branching off from the RA to supply a portion of the blood supply to the ONH superficial NFL. Immediately posterior to the NFL is the prelaminar region [ Fig. 4(d) ], which lies adjacent to the peripapillary choroid [to the right side of the Fig. 4(d) image]. The corresponding OMAG blood flow image [ Fig. 4(e) ] reveals vessels passing centripetally from the choroid to supply the ONH region. A complicated capillary plexus is present, with an increased vessel size compared to that of the superficial region [ Fig. 4(b) ].
More posteriorly, microstructural imaging demonstrates that the laminar region becomes continuous with the sclera. This more posterior region is composed of the LC [ Fig. 4 (g) and 4(j)], a structure consisting of fenestrated, connective tissue lamellae (laminar beams), which allow the transit of neural fibers through the scleral coat. 25 There is a subtle change in the organization of the capillaries when transitioning from the prelaminar to the laminar region [e.g., seen as anastomotic capillary loops identified by arrow in Fig. 4(e) ]. This study demonstrates the capillaries within the laminar region [ Fig. 4 (h) and 4(k)] conform to the pattern of the connective tissue septa that compose the laminar supportive architecture of LC [ Fig. 4 (i) and 4(l)]; the appearance corresponds well with scanning electron microscopy findings following corrosion casting of the disc vasculature. 25, 26 However, the scattering properties of the ONH tissue cause a progressive signal loss as the imaging depth increases. As a result, there is lower imaging contrast compared to the contrast at shallower depths as is apparent when comparing Fig. 4(h) and 4(k) .
Of special value, the high resolution and high sensitivity of the OMAG imaging permits visualization of the vasculature of the scleral rim [identified by the arrows in Fig. 4(g) ] underlying the nerve fiber bundles entering the ONH around the entire ONH circumference. The scleral rim tissue is itself highly vascularized [see arrows in Fig. 4(h) ], a property not easily appreciated when examining histologic material in which the circulation is devoid of blood.
Finally, this study demonstrates the ability of OMAG to visualize the larger blood vessels lying within the scleral rim periphery adjacent to the deeper region of the LC [arrows in Fig. 4(k) ]. Due to the limited imaging depth associated with use of an 850 nm light source, the current system is not able to image the retro-laminar region posterior to the LC.
In the attachment we provide real time video files to permit detailed scrutiny of the sequential en face images of 3-D ONH tissue organization (Microstructure.avi) and microvasculature (Microvascular.avi). The videos are organized to play in en face frames with en face slices starting at the top surface, and then progressing to the deeper structures of the ONH. In reviewing sequential frames, an observation common to these subjects was that the laminar beams were not organized parallel to one another but rather appeared to be organized as a continuous spiral, a LC tissue organization not previously reported. Results from this 3-D OMAG dataset provide detailed information about blood flow both within the ONH tissue volumes and within individual ONH blood vessels. Furthermore, total intravascular volume within the 3-D tissue volume may be quantified. With proper clinical studies, OMAG thus may be a useful tool for the study of mechanisms associated with physiologic regulation of ONH blood flow, effects of pharmacologic agents and vascular components of pathologic processes associated with ONH disease states.
The absence of effective imaging tools has until now made the assessment of the vascular components of ONH disease processes problematic. Disease entities that would benefit greatly from an improved understanding of associated vascular dysfunction include especially glaucoma, but also papilledema, idiopathic, and inflammatory forms of optic neuritis, as well as ischemic optic neuropathies.
Clinically, OMAG can be used for diagnosis of vascular aspects of these disease processes. Perhaps more importantly, the technique offers promise as a sensitive tool to monitor progression of ONH disease processes and responses to treatment. Of particular clinical interest, the OMAG technique examines a dynamic real-time functional property; that is, the technique only images vessels that are actively transporting red blood cells. The imaging technology is noncontact, noninvasive, capable of quantification, and uses currently accepted levels of energy, 23 a combination of attributes that suggests it could be easily developed into a practical clinical device.
Previous methods, such as AO-SLO, 11 have been limited to a small field of view, and superficial depths (<200 μm). Although promising, AO-OCT 13 is only capable of providing microstructural, not functional information about the dynamics of the vasculature of the ONH. With an ability to provide a large field of view, OMAG is superior in visualizing complex morphological features and deeper blood vessel networks (as great as ∼800 μm in this study) within the ONH.
Besides the capability of qualitatively evaluating the structural and vasculature information of the ONH, the imaging results delivered by the OMAG system could also be used to quantitatively examine the status of the LC as illustrated by the results presented in Fig. 5 . The porous structure of the LC can be easily appreciated in Fig. 5(a) , an enface image extracted at a depth 400 μm below the ONH surface. Since elevated IOP may lead to distortion of the LC structures, the shape of the LC pores may be used as an indicator of the LC status. 12 For example, a higher IOP may compress the LC resulting in the reduction of the LC pore area 4 or laminar pore registration between adjacent laminar beams. To quantitatively evaluate the distribution of the pore sizes, the LC region in Fig. 5(a) was first manually selected (marked by the white circle). The pore areas were then isolated [as demonstrated in Fig. 5(b) ] by the use of a binarization method proposed in Ref. 27 . Figure 5 (c) is the merged image, which overlays the binarized pore area image (red color) onto the LC en-face structure image (white color). Based on Fig. 5(b) , two parameters, i.e., the pore area and elongation ratio (the ratio of major to minor axes of an ellipse that fits the pore), can be evaluated, using the method proposed in Ref. 12 . In this case, the average pore area was calculated to be 1698 μm 2 with a standard deviation of 1405, and the average elongation ratio was 1.72 with a standard deviation of 0.29. These results are comparable with those reported, 12 demonstrating the usefulness of the OMAG imaging of the ONH as a potential examination tool in future assessment of glaucoma.
The current study used an OCT/OMAG system that employed a light source with a central wavelength of ∼850 nm, which provided an imaging depth ∼0.8 mm into the ONH. This imaging depth limitation prevents our assessment of the microstructure and microcirculation within the retro-lamina region, which lies posterior to the lamina cribrosa. However, reports have demonstrated that a 1-μm OCT system is capable of providing much enhanced imaging depth of the posterior segment of the eye. 28, 29 Thus, we expect that if powered by a 1-μm light source, the OMAG imaging system would be capable of providing enhanced resolution and depth assessment of both the morphological and functional vascular status of the ONH in humans in vivo. However, one point that should be mentioned is that the imaging performance of the system might deteriorate if the patient's ocular media are cloudy (e.g., corneal opacity or cataract).
In conclusion, we have demonstrated the capability of the OMAG system to image the human ONH, including the lamina cribrosa. With a spatial resolution of ∼6 μm afforded by the high-resolution optical scanning probe, we have shown that it is possible for OMAG to provide comprehensive assessment (qualitative as well as quantitative) of the microstructures that support, and the functioning microvasculature that perfuses the ONH. Promising future applications of OMAG include clinical assessment of the health of the ONH, and the extent of structural as well as vascular involvement in disease conditions such as glaucoma, papilledema, and inflammatory as well as ischemic neuropathies.
The potential ability to monitor ongoing dynamic changes in the ONH vasculature in human subjects may be permitted by this noninvasive technology. The technology thus offers a potential clinical tool to assess disease progression, resolution and responses to treatment in glaucoma as well as in a range of other ONH disease processes.
